The distribution of these CCR2-CCR5 haplotypes was examined among 703 participants in the Multicenter AIDS Cohort Study (MACS), the District of Columbia Gay (DCG) Study, and the San Francisco Men's Health Study (SFMHS). Highly exposed and persistently seronegative (HEPS; n ‫؍‬ 90) Caucasian men from MACS more frequently carried heterozygous G*2 (⌬32) genotypes (especially A/G*2) and less frequently carried the homozygous E/E genotype compared with 469 Caucasian seroconverters (SCs) from the same cohort (P ‫؍‬ 0.004 to 0.042). Among 341 MACS Caucasian SCs with 6-to 12-month human immunodeficiency virus type 1 (HIV-1) seroconversion intervals and no potent antiretroviral therapy, mean plasma HIV-1 RNA level during the initial 42 months after seroconversion was higher in carriers of the E/E genotype and lower in those with the 64I-bearing haplotype F*2 or the ⌬32-bearing haplotype G*2 (and especially genotypes A/G*2 and F*2/G*2). A multivariable model containing these CCR markers showed significant composite effects on HIV-1 RNA at each of four postconversion intervals (P ‫؍‬ 0.0004 to 0.050). In other models using time to AIDS as the endpoint, the same markers showed more modest contributions (P ‫؍‬ 0.08 to 0.24) to differential outcome during 11.5 years of follow-up. Broadly consistent findings in the larger MACS Caucasian SCs and the smaller groups of MACS African-American SCs and the DCG and SFMHS Caucasian SCs indicate that specific CCR2-CCR5 haplotypes or genotypes mediate initial acquisition of HIV-1 infection, early host-virus equilibration, and subsequent pathogenesis.
Polymorphisms in the human CC (␤) chemokine receptor system are well known to modulate the natural history of human immunodeficiency virus type 1 (HIV-1) infection (reviewed in references 29, 49, and 53) . Individual variants in the coding or promoter and regulatory regions of the chemokine receptors 5 (CCR5) and 2 (CCR2) have often been associated with various events in the pathogenesis of HIV-1/AIDS (2, 4, 12, 14, 27, 36, 38, 44, 46, 59, 68) . There is strong evidence that homozygosity for the 32-bp deletion (⌬32) in the coding region of CCR5 nearly completely protects Caucasians from HIV-1 infection and that heterozygosity for ⌬32 modestly retards disease progression (4, 12, 26, 27, 77) . Overall, findings on CCR variants other than ⌬32 in relation to HIV-1 transmission and pathogenesis have been difficult to interpret in the absence of clear confirmatory data and functional correlates.
The full extent of common CCR5 single-nucleotide polymorphisms (SNPs) and relationships among them had not been examined until recently (20, 52, 70) . Thorough documentation of the extended CCR2 and CCR5 haplotypes has suggested that stable CCR haplotypes, alone or paired as genotypes, may influence the course of HIV-1 infection differentially according to their racial distribution (20, 21, 52) ; if so, variations in genotype frequencies among populations could have a sizeable differential impact on the course and the burden of disease (21) . Conflicting observations on CCR2-64I (3, 14, 15, 20, 24, 27, 35, 51, 64, 68, 74) ; on SDF1 (27, 61, 73, 76) , and on CX 3 CR1 effects (16, 45) may attest to similar population-specific effects of chemokine receptor and ligand genes other than CCR5.
The epidemiological importance of CCR polymorphisms has been inferred largely from population studies of late clinical events (AIDS or death). CCR receptor biology concurs broadly with the epidemiologic findings, but efforts to unravel the intricate receptor-virus relationships have not definitively shown how or when the polymorphisms alter in vivo HIV-1 pathogenesis. Differential regulation of CCR receptors could trigger the emergence of X4 viruses that predominantly use CXCR4 or others that use both CCR5 and CXCR4 (11) . Thus, over time, earlier unequivocal effects may dwindle and previously less prominent factors may emerge as the virus alters its cell tropism and employs other mechanisms for adaptation to host immunity.
The plasma HIV-1 RNA concentration measured in the months after untreated infection accurately reflects the early host-virus equilibrium (10, 14, 32, 38, 47, 48) , which in turn is highly predictive of the rate of later disease progression (5, 9, 28, 47, 57, 66) as well as HIV-1 transmissibility from infected to uninfected individuals regardless of the transmission mode (17, 18, 56, 58, 60, 65) . Clinical and virological studies of the impact of chemokine receptor-ligand variants on viral dynamics have already suggested a role for ⌬32 and 64I in determining this equilibrium, apparently even in the context of antiretroviral therapy (4, 22, 31, 53) . Our own observations, based on comprehensive analyses of the relative effects of host genetic variations, now imply that several CCR haplotypes or genotypes can independently influence HIV-1 seroconversion, early HIV-1 RNA levels, and variability in the course of disease.
MATERIALS AND METHODS

Subject selection for analysis of acquisition of HIV-1 infection.
From approximately 3000 Multicenter AIDS Cohort Study (MACS) (30) participants who were seronegative at enrollment, the 100 most highly exposed and persistently HIV-1-seronegative (HEPS) men with quantifiable risk had been selected for a previous study (77) . All HEPS men reported unprotected homosexual contact with the greatest number (up to 500ϩ) of partners between 1984 and 1986. We excluded the seven HEPS men already shown to be protected by CCR5-⌬32 homozygosity and three additional men who were not Caucasian or who had no specimen available. The remaining 90 men in the Caucasian HEPS group were compared with two groups of Caucasian seroconverters (SCs): all 469 SCs with available specimens (1 to 500ϩ partners, median ϭ 18) and a subset of 270 SCs reporting higher numbers of partners (50 to 500ϩ, median ϭ113) between 1984 and 1986.
Subject selection for analysis of virological and clinical outcomes of infection. From 513 (469 Caucasians and 44 African-Americans) MACS HIV-1 SCs, 341 Caucasians, and 31 African-Americans were selected for viral load analyses according to the following criteria: (i) a seroconversion interval of Յ12 months; (ii) Ն1 measurement of serum or plasma RNA concentration available within the first 42 months after seroconversion (39, 47) , (iii) a DNA sample available for genotyping, and (iv) adequate follow-up visits until onset of AIDS or death or 1 January 1996, when protease inhibitor-containing antiretroviral regimens began to gain wide application. AIDS by 1987 Centers for Disease Control (CDC) criteria (8) and death were used in separate analyses, but because findings with the two endpoints were quite similar, only selected analyses based on death are presented. SCs in the District of Columbia Gay (DCG) (n ϭ 95) cohort (19) and the San Francisco Men's Health Study (SFMHS) (n ϭ 49) (75) contributed, respectively, 39 and 37 SCs who also met inclusion criteria. The MACS, DCG, and SFMHS SCs selected for genetic association analyses were highly comparable (Table 1) .
CCR2 and CCR5 genotyping. Our typing scheme differentiated the dimorphic variants at eight sites: the SNP encoding V64I in CCR2, six SNPs (A29G [ϭG58755A], G303A, T627C, C630T, A676G, and C927T) in or adjacent to the cis-regulatory or promoter region of CCR5, and the 32-bp deletion (⌬32) in CCR5. Haplotyping based on PCR with combinations of sequence-specific primers (SSP) (70) was supplemented with four additional SSP reactions in conjunction with T627C-specific primers to define the A29G variants. Typing for the rare SNP G208T among the 630C-676A subset was performed initially to differentiate A and B haplotypes but omitted later because the rare haplotype B had negligible potential impact on the results (20; J. Tang, unpublished observations). Combinations of variants at the typed sites form the eight haplotypes according to the nomenclature of the Tri-Service HIV-1 Natural History Study (TSS) (20) . For comparability to the TSS, we applied its nomenclature, but omitted the HH prefix (e.g., HHA is referred to as A and HHG*2 as G*2) as adopted more recently (41) .
Virological measurements. For MACS participants, at least one measurement of plasma HIV-1 RNA concentration was available during each of four postseroconversion intervals: Յ6 months (median ϭ 4.1), 6 to 18 months (median ϭ 12.5), 19 to 30 months (median ϭ 23.7), and 31 to 42 months (median ϭ 36.2), as well as during the entire 6 to 42 months (median ϭ 18.1). Plasma viral RNA concentrations were quantified by reverse transcription-PCR (RT-PCR) with the standard Amplicor assay (Roche Diagnostics, Nutley, N.J.) with a detection limit of 400 RNA copies per ml of plasma. Nine (ϳ3%) of the MACS SCs had undetectable viral RNA, for a total of 34 measurements; an arbitrary value of 300 was assigned for these visits. In the DCG and the SFMHS cohorts, plasma HIV-1 RNA level was measured by the RT-PCR Amplicor Monitor assays (sensitivity ϭ 50 RNA copies/ml) (Roche Diagnostics). For undetectable levels in one SC in SFMHS and three in DCG, the arbitrary value was set at 50. Overall, HIV-1 RNA levels in the SFMHS SCs were 0.4 to 0.6 log lower (P Ͻ 0.001 to 0.12) than in the MACS and DCG SCs (Table 1) .
Statistical analysis. All HIV-1 RNA measurements (values transformed to log 10 ) and survival analyses were censored at 1 January 1996. Multiple postseroconversion measurements taken within the various intervals used for analysis were averaged, and repeated measures analysis was applied to genotype comparisons. Loss to follow-up during successive postconversion study intervals was evaluated by comparing men with and men without later measurements for their initial mean RNA levels and subsequent time to AIDS.
Statistical routines available in SAS (Statistical Analysis Software, version 8.0; SAS Institute, Cary, N.C.) were applied throughout the analyses. General linear model (GLM) and logistic regression statistics were used to assess the association of individual genotypes (for frequencies Ն2% based on direct counting) with HIV-1 RNA levels, to perform multivariate comparisons, and to model overall relationships. Age was initially treated as a covariate in all GLM procedures; but c Range of time intervals from date of estimated seroconversion to median date of assay for HIV-1 RNA levels. Total numbers of measurements (subjects) are shown in parentheses. HIV RNA levels in SFMHS SCs differed from those in MACS SCs at these intervals according to pooled t tests: *, P Ͻ 0.05; **, Ͻ 0.01; ***, P Ͻ 0.001; ****, P Ͻ 0.0001. adjustment for age proved unnecessary in the absence of clear differences among carriers of major CCR variants. Curves depicting the times from seroconversion to 1987 CDC-defined AIDS and death were generated by the Kaplan-Meier product-limit method. The univariate relative hazards (RH) of AIDS for specific genotypes were estimated by Cox proportional hazards models with subjects grouped by the genotypes under study. Both Wilcoxon and log-rank tests of significance are shown. The former gives greater weight to the earlier time period, when larger amounts of data are included and CCR5 serves as the predominant HIV-1 coreceptor, while the latter provides a common approach for making inferences by using Kaplan-Meier and Cox proportional hazards methods. Analyses of genetic effects emphasized their consistency, both internal (i.e., similarity between subpopulations and various endpoints from seroconversion to later disease) and external (i.e., similarity to findings in other highly comparable studies). Correction of P values for multiple comparisons was deemed generally inappropriate and even potentially misleading in this setting: much of the effort addressed previously reported or predicted relationships, and the multifaceted analyses introduced considerable uncertainty about the various numbers and degrees of independence of comparative tests either performed or implied (see Appendix).
RESULTS
Overall distribution of CCR2-CCR5 haplotypes. Between 97 and 100% of the CCR2-CCR5 haplotypes were resolved unambiguously in the three cohorts ( Table 2 ). The prevalence of eight CCR haplotypes detected in the three cohorts ranged from 0% (D) to 37% (C) ( Table 2) . Consistent with earlier studies (20, 21, 70) , G*1 was the only haplotype with similar frequencies among Caucasians (2 to 4%) and African-Americans (3%). Haplotype D was largely restricted to AfricanAmericans, and G*2 was far less common in African-Americans than in Caucasians (P Ͻ 0.001 for both comparisons). Overall, six haplotypes (A, C, E, F*2 [ϭCCR2-64I], G*1, and G*2 [ϭ⌬32]) were relatively frequent (Ͼ2% for the haplotype or about 4% for the haplotype carrier) in Caucasians, whereas African-Americans had seven frequent haplotypes (A, C, D, E, F*1, F*2, and G*1). The distribution of CCR2-CCR5 genotypes (pairs of haplotypes in each individual) in each cohort and in the analyzed subgroup within each cohort closely fit Hardy-Weinberg equilibrium, i.e., common haplotypes produced common genotypes and accounted for the vast majority of the homozygous genotypes (e.g., E/E and C/C). The predicted exception was the G*2/G*2 genotype (due to its complete absence in MACS SCs (0% observed versus 0.8% expected). Haplotype and genotype frequencies for the subset of 341 Caucasian MACS SCs who met the criteria for the detailed studies were comparable to those for all 469 Caucasian SCs (Table 2) . Likewise, distributions of CCR2-CCR5 haplotypes (9) 88 (9) 61 (9) 22 (25) 14 (23) 23 (12) 12 (15) 11 (9) 5 (7) C 63 (35) 332 (34) 239 (35) 12 (14) 10 (16) 71 (37) 25 (32) 35 (36) 29 ( (27) 296 (32) 215 (32) 15 (17) 10 (16) 61 (32) 28 (36) 31 (31) 22 (
16 (9) 90 (10) 69 (10) 14 (16) 11 (18) 14 (7) 2 (3) 7 (7) 7 (9) G*1 12 (7) 33 (4) 24 (4) 
21 (12) 86 (9) 66 (10) 2 (2) 1 (2) 15 (8) 9 (12) 11 (11) 
4 (4) 8 (2) 5 (1) 4 (9) 3 (10) 0 0 0 0 A/G*2 6 (7) 12 (3) 11 (3) 1 (2) 1 (3) 3 (3) 2 (5) 3 (6) 1 (3) C/C 11 (12) 58 (12) 44 (13) 1 (2) 1 (3) 13 (14) 4 (10) 3 (6) 3 (8) C/E 22 (24) 102 (22) 72 (21) 1 (2) 1 (3) 21 (22) 10 (26) 17 (34) 14 (38) C/F*2 4 (4) 31 (7) 26 (8) 4 (9) 4 (13) (12) 39 (11) 3 (7) 3 (10) 9 (9) 5 (13) 4 (8)
a Criteria for All: CCR typing and clinical outcome data available; criteria for selected, criteria for All plus seroconversion Յ12 months and having Ն1 measurement of HIV-1 RNA level at various intervals (see text and Table 1) .
b Genotypes shown here are found in Ն5 (1%) MACS SCs. or genotypes in MACS African-American SCs and DCG and SFMHS Caucasian SCs included in the analysis closely resembled those in the total groups from which they were selected ( Table 2) .
Acquisition of HIV-1 infection.
Comparison of 90 MACS Caucasian HEPS with 469 SCs from the same cohort revealed two genetic differences: higher G*2-carrier and lower E/E genotype frequencies in HEPS than SCs (Table 3 , model 1). Among men who seroconverted after exposure to relatively fewer (0 to 15) or more (16 to 500) partners, the frequencies of E/E and G*2 were similar. Multivariable odds ratios (ORs) and 95% confidence intervals (CIs) for seroconversion were similar for both comparison groups. A logistic regression model including both G*2 and E/E distinguished HEPS from all SCs (P ϭ 0.009). Furthermore, the effect of the A/G*2 genotype (OR ϭ 0.39, 95% CI ϭ 0.14 to 1.08, model 2) accounted for much of the effect attributable to the G*2 carriers (OR ϭ 0.54, 95% CI ϭ 0.32 to 0.89, model 1). The frequencies of the A/G*2 (6.6%) and E/E (5.5%) genotypes in MACS HEPS also differed more from those observed in the DCG (3.2% for A/G*2 and 9.5% for E/E) than in the SFMHS SCs (6.1% for A/G*2 and 8.2% for E/E).
Virological outcome in Caucasians. In the 341 MACS participants who met the study criteria, the overall mean log 10 RNA measurements remained rather constant (4.29 to 4.33) during the four early postseroconversion intervals examined ( Table 4 ). The SCs (n ϭ 72) tested at 6 months but not at 42 months had a 0.02-log lower mean RNA level and nearly identical AIDS-free times compared with participants tested at both intervals.
In men with F*2 (64I), G*2 (⌬32), and F*2/G*2 (three markers all previously reported to have protective effects on progression to AIDS in MACS and other cohorts), mean log 10 viral RNA levels were already lower (Ϫ0.20, Ϫ0.13, and Ϫ0.22, respectively) than the overall viral RNA during the first 6-month interval (Table 4) . During the next three intervals, differences persisted and actually increased for F*2/G*2. SCs carrying the E/E genotype, previously associated with an accelerated course of infection in U.S. Caucasians and Argentinean children (20, 41) , consistently showed higher mean log 10 RNA levels than others (ϩ0.26 to ϩ0.42 log) not carrying F*2 or G*2 at each of the four visit intervals (Fig. 1 ) (P ϭ 0.020 to 0.473). Carriage of E with other haplotypes, also previously associated with more frequent transmission and rapid progression (41), was not related to higher RNA level here (Table 4) .
During the earliest (Ͻ6 months) infection interval, multivariable analyses including carriers of the four haplotypes or genotypes noted above were independently responsible for much of the heterogeneity in the mean log 10 HIV-1 RNA levels (P ϭ 0.04) (Fig. 1) . During that interval, mean levels in men bearing G*2 and F*2 separately and in combination were lower (Ϫ0.50 to Ϫ0.17) than those in the reference ("Others") group, and levels in E/E homozygotes were higher (ϩ0.18). Heterozygosity for E showed no appreciable difference. During the next (6 to 18 months) interval (Table 4 and Fig. 1) , heterogeneity among the genotype groups compared (P ϭ 0.0004) was largely attributed to nine F*2/G*2 carriers, whose mean viral RNA diverged from the level in those with E/E to a 1.11-log difference. The overall relationships were also quite consistent in the two subsequent 12-month intervals (P ϭ 0.004 to 0.050). Within these intervals, HIV-1 RNA levels in E heterozygotes were again similar to those in the reference group without F*2 or G*2. The genotypes associated with the lowest (F*2/G*2) and the highest (E/E) mean RNA level were present in 3 and 11% of MACS subjects, respectively. During the entire 6-to 42-month period after seroconversion, the mean levels in men with F*2/G*2 remained approximately 1 log 10 apart from levels in men with E/E (P ϭ 0.06 to 0.001) (Fig. 1) . The overall differences persisted when repeated measurements were taken into account for the entire period (P ϭ 0.002).
As a subset of the G*2 carriers, men with the A/G*2 genotype had lower mean RNA levels (about Ϫ0.3 log 10 , P ϭ 0.002) in all four intervals compared with any other G*2 carrier group besides F*2/G*2 (Table 4 and Fig. 1) . The difference between A/G*2 and those with any other genotype (excluding F*2, G*2, or E/E) was Ϫ0.64 log 10 (P Ͻ 0.0001). The stronger A/G*2 effect persisted in multivariable analysis (Table 5 ). On the other hand, neither the C/G*2 nor the C/E genotypes associated with disease acceleration in the Tri-Service Study (20) showed any appreciable effect on the mean viral RNA levels in the MACS participants.
The relative effects of all genotypes showing borderline or greater (P Ͻ 0.05) contributions to HIV-1 RNA levels were further evaluated with stepwise multivariate linear models (Table 5). When each mutually exclusive candidate genotype was examined in conjunction with the others, the individual effect was discernible, but weaker than that detected in sequential univariate analyses (data not shown), with the exception of the F*2/G*2 effect. Individual effects varied across intervals, but the overall models were quite consistent in demonstrating statistically significant discrimination of viral RNA level by CCR a As defined in the text, HEPS had up to 500ϩ homosexual partners between 1984 and 1986, while heavily exposed SCs had 50 to 500ϩ (median ϭ 113) partners during the same period. OR and P values are based on LR by maximum-likelihood estimate.
b Model 1 includes G*2/any, E/E, and others (reference); A/G*2 replaces G*2 in model 2.
genotype (Table 5 ). In addition, model 2 (Table 5) improved the overall discrimination of mean RNA levels by substituting the A/G*2 genotype (n ϭ 11) for any G*2 genotype (n ϭ 66).
None of the models containing the other genotype combinations showed better association with early mean RNA level (see Appendix). Clinical outcome in MACS Caucasians. The median times to 1987 CDC-defined AIDS (8.4 years) and death (10.1 years) in the MACS were typical for homosexual men not receiving potent antiretroviral therapy.
The series of Kaplan-Meier plots (Fig. 2a to c) illustrates how markers associated with lower or higher mean viral RNA levels contributed separately and jointly to AIDS-free time. CCR genotypes analyzed separately showed lower or higher RHs of AIDS with various degrees of significance (Table 4) ; the patterns of association between the contributory genotypes and time to AIDS (Fig. 2) largely paralleled those observed for viral RNA level. One notable exception to the pattern was the effect of E heterozygosity and particularly the C/E genotype: although they had no apparent effect on viral RNA level, carriage of either any E haplotype (RH ϭ 1.56, 95% CI ϭ 1.14 to 2.13, log-rank P ϭ 0.006) or the C/E genotype (RH ϭ 1.69, 95% CI ϭ 1.19 to 2.38, log-rank P ϭ 0.003) showed a strong association with more rapid progression to AIDS, supporting the observation in the Argentinean perinatal study (41) . However, agreement with the Argentinean study was not complete: men with E/G*2 (RH ϭ 0.63, 95% CI ϭ 0.30 to 1.35, log-rank P ϭ 0.23) more closely mirrored the overall protective effect of G*2 rather than the risk effect seen in perinatal disease.
In the final models evaluating the combined effects of the CCR markers on time to AIDS (Table 5) , the impact of each individual marker on these outcomes was generally borderline significant when considered separately or when examined in light of the CCR effects on viral RNA level. As with the analysis of viremia, substitution of the A/G*2 genotype for the G*2 haplotype improved the discrimination of the RH estimate (Table 5) .
Virologic and clinical outcomes in MACS African-Americans and in DCG and SFMHS Caucasians. During postseroconversion intervals, African-American SCs with E/E genotype had a higher (ϩ0.38) mean log 10 HIV-1 RNA level compared with carriers of other genotypes, and the same individuals showed trends toward an accelerated course of infection in both univariate (RH ϭ 4.0, P ϭ 0.10) and multivariable (RH ϭ 6.6, P ϭ 0.06) analysis (data not shown). F*2 carriers, on the other hand, did not differ from others in their mean viral RNA. Genotypes containing F*2 showed no effect on time to AIDS individually or in a multivariable model. Absence of A/G*2 and F*2/G*2 in this ethnic group did not allow any further analyses. Few of the 39 and 37 seroconverters from the DCG and the SFMHS, respectively, who met criteria for analysis carried the markers found to influence HIV-1 RNA level in the MACS: F*2 without G*2 (n ϭ 2 and 3), G*2 without F*2 (n ϭ 8 and 7), F*2/G*2 (n ϭ 0 and 1), and E/E (n ϭ 3 and 1). Overall mean log 10 HIV-1 RNA concentrations at Ͻ6 and 6-to 42-month intervals were 4.10 and 4.20 for the DCG SCs and 3.50 and 3.80 for the SFMHS SCs, respectively. In the DCG participants during the 42-month period, there were nonsignificant trends toward lower mean log 10 viral RNA levels in the presence of G*2 (Ϫ0.20) or F*2 (Ϫ0.07) and higher mean levels in the presence of E/E (ϩ0.36 log). These findings were consistent with those in the MACS. Likewise, in SFMHS SCs during the Ͻ6-and 6-to 42-month intervals, respectively, there were consistent but not statistically significant reductions of log 10 HIV-1 RNA in G*2 carriers (Ϫ0.25 and Ϫ0.39) and in F*2 carriers (Ϫ0.44 and Ϫ0.62). The effects of either G*2 (⌬32) or F*2 (64I) alone on disease progression in the DCG and SFMHS SCs were not based on large enough numbers to be meaningful in isolation, as noted previously (27) .
Alternative analyses based on previous findings. In earlier studies, CCR2 and CCR5 SNPs along with ⌬32 have been grouped in different ways that did not target the entire CCR2-CCR5 haplotypes. We reanalyzed the genetic data from the MACS SCs according to earlier typing schemes and nomenclature. First, the equivalent (e) of F*2-and G*2-independent P1/P1 genotype was recaptured as P1/P1(e) (ϭE/E, E/F1, E/G1, F1/F1, F1/G1, and G1/G1). HIV-1 RNA at each of four infection intervals among the 49 P1/P1(e)-carrying MACS SCs (n ϭ 341 in the selected cohort) were only slightly higher (ϩ0.06 to ϩ0.28 log, P Ͼ 0.10) than the F*2-or G*2-negative reference group, while time to AIDS was up to 1.5 years faster in P1/P1(e) carriers than in those with other genotypes excluding F*2 and G*2 (RH ϭ 1.27, log-rank P ϭ 0.29). The F*2/ G*2-positive SCs showed much slower (3.5 to 4 years) progression to AIDS relative to the P1/P1(e) group. Compared with E/E homozygotes, the 10 MACS participants carrying E/G*1, the most common of the six possible non-E/E genotypes in the P1/P1(e) group, actually had considerably lower viral RNA levels, a rather clear indication that the risk was derived from E/E rather than all possible P1/P1 variants. Second, the MACS SCs carrying the 59029G/G equivalent [59029G/G(e) ϭ all genotypes involving haplotypes A, B, C, and D; n ϭ 63] differed from the F*2-or G*2-negative reference group by only 0.02 to 0.15 log in viral RNA level, whereas a delay in time to AIDS in the 59029G/G(e) carriers (adjusted RH ϭ 0.65, 95% CI ϭ 0.46 to 0.91, P ϭ 0.013) was clearly independent of the genotypes involving F*2 and G*2 (adjusted RH ϭ 0.60, 95% CI ϭ 0.38 to 0.94, P ϭ 0.027). The lack of association between the 59029G/G(e) genotype and early HIV-1 RNA levels in univariate analysis contrasted with its relationship to longer AIDS-free time, although it did not occur until about 6 years after seroconversion (data not shown).
DISCUSSION
The consistency in the effects of highly resolved CCR2-5 haplotype-genotype combinations on acquisition of infection, early virus concentration, and subsequent disease progression has not been addressed previously. This effort extends both the earlier epidemiologic comparison of HEPS and a subset of SCs in the MACS (77) and a more recent study of HEPS and SCs from several cohorts (43) . Consistent with findings from in vitro experimental research on protection against infection by G*2 (⌬32) (25, 34, 55) , the reduction in risk of seroconversion associated with G*2 heterozygosity closely parallels its favorable impact on viral RNA level and disease progression in infected individuals. Our high-resolution CCR genotyping further revealed that the A/G*2 and F*2/G*2 genotypes may account for much of the G*2 haplotype-related effects. Whether and how A/G*2 and F*2/G*2 differ from other G*2-bearing genotypes in regulating CCR5 expression remains to be clarified. The CCR effects on HIV-1 infection and disease progression in the MACS also applied to E/E homozygosity, as reported in an earlier analysis of perinatal transmission (41) . The association of the rare 59356T/T genotype (ϭD/D haplotype pair) with increased vertical transmission of HIV-1 in African-Americans (36) could not be assessed here.
The effects of CCR2-CCR5 variants (the ⌬32-linked G*2 haplotype, the 64I-linked F*2 haplotype, genotypic combina-FIG. 1. HIV-1 RNA concentrations (mean log 10 and geometric mean) during initial 42 months following seroconversion. RNA levels are plotted at each of four successive intervals (Ͼ6, 6 to 18, 19 to 30, and 31 to 42 months) after seroconversion according to CCR2-CCR5 genotypes. At each point, a GLM test of the aggregate contribution of four major genotypes showed a statistically significant overall relationship (F test). Substantial differences were also seen in pairwise comparisons (t tests at three levels: ‫,ء‬ Յ0.05; ‫,ءء‬ Յ0.01; and ‫,ءءء‬ Յ 0.001). Mean viral RNA for carriers of A/G*2 (dotted line) is shown separately and as part of the G*2/no F*2 group. VOL. 76, 2002 INFLUENCE OF CHEMOKINE RECEPTOR GENOTYPES ON HIV/AIDStion of F*2 and G*2, and the E/E genotype) on mean plasma HIV-1 RNA concentration was discernible within the first 6 months after seroconversion and increased as viral RNA level continued to drop in SCs carrying two protective genotypes (A/G*2 and F*2/G*2) (Fig. 1) . The joint CCR effect was strong and consistent during three successive 1-year postconversion intervals in which virus concentration remained relatively stable. The implication is that these markers influence disease progression, in large part by modulating virus concentration soon after seroconversion. These findings confirmed the previously observed influence on viral RNA level of G*2 and F*2 haplotypes and their combination, in some cases, even under potent anti-retroviral treatment (4, 6, 14, 22, 27, 54, 62, 72) . In the TSS, the F*2 effect was reported for African-Americans, but not Caucasians, in whom F*2 is less frequent; the paucity of subjects in the TSS with the F*2/G*2 genotype may explain the inability to detect its effect in Caucasians (20) . The strong association of A/G*2, not reported in or implied by any previous work, might reflect CCR haplotypic interactions (20) deserving further experimental evaluation in populations frequently carrying this particular CCR genotype.
The E/E genotype association with accelerated disease progression in Caucasians here and elsewhere (20) was predicted (70) . In addition, the E/E genotype represents the major portion of an unfavorable genotype previously defined as P1/P1 (44), which is mutually exclusive of the reportedly favorable 59029G/G (ϭ303G/G here) (46) . The consistency of the E/E association is noteworthy: it occurred more frequently in MACS Caucasian SCs than seronegatives, in MACS Caucasian SCs with higher early HIV-1 RNA levels, in MACS AfricanAmericans with higher viral RNA and shorter AIDS-free time, and in Rwandans with rapid disease progression (R. A. Kaslow et al., 8th Conference on Retroviruses and Opportunistic Infections, Chicago, Ill., abstr. 45B, 2001). Such consistency across ethnic groups within the MACS and Rwandan studies extends to additional cohorts (20, 41) , suggesting that E/E confers similar effects against distinct genetic backgrounds. Distinguishing the E/E genotype from the remainder of the P1/P1 genotype combinations largely resolves the apparent discrepancy in the associations of P1/P1 with rapid progression between Caucasians (recessive) and African-Americans (dominant) (2, 44) . In individuals of African ancestry, higher frequencies of the non-E/E variants encompassed by P1/P1 (20, 70) dilute the effect of the less frequent E/E. Thus, the E/E genotype may warrant special attention because of its relative prevalence in major ethnic groups (20, 41, 52) .
Some of the CCR effects appeared to be either time-dependent or outcome (endpoint)-specific. For example, without substantial impact on the early viral RNA levels, carriage of haplotype E and especially the genotype C/E was associated with accelerated disease progression in MACS Caucasians, as seen in Argentinean children (41) . Likewise, association of 59029G/G with delayed onset of AIDS was not preceded by any substantial decrease in RNA levels. Associations of host genetic polymorphism with early virus concentration can be readily tested in other cohorts with adequate virological measurement in the absence of lengthy follow-up. However, assessment of both genetic determinants and viral RNA as simultaneous, independent predictors of long-term outcome will require models specifically developed to account for those factors taken separately and jointly. Exploratory work on such models has been undertaken (71) . HIV-1 genotypes and phenotypes (1, 13, 50) , along with CCR and other disease-modifying host genetic factors, will eventually contribute to a more complete model of host-virus relationships. Initial discoveries of the role of CCR polymorphism in HIV-1 infection were largely based on late clinical outcomes. However, if CCR2-CCR5 variants tightly regulate viral entry into host cells, they are likely to influence early viral equilibrium at least as directly as the later immunopathologic processes; in the MACS, the effects of several CCR variants on early HIV-1 RNA levels were indeed clearer if not stronger than those on later disease progression. The influence of host 2a and 2b) in which all G*2/no F*2 genotypes were aggregated revealed a weaker overall effect compared with the final model (2c), which incorporated only A/G*2 rather than the entire G*2/no F*2 group. Models 2b and 2c shown here correspond to multivariable models 1 and 2 in Table 5. VOL. 76, 2002 INFLUENCE OF CHEMOKINE RECEPTOR GENOTYPES ON HIV/AIDS 669 genetic variation on HIV-1 RNA levels is probably more useful than it is on other outcome measures because of the dual impact of viral RNA levels on subsequent disease progression rates (5, 28, 47, 57, 66) and HIV-1 transmissibility from infected to uninfected individuals (17, 18, 56, 58, 60, 65) . Our work could not confirm other reported associations of CCR haplotypes and genotypes with clinical outcomes in HIV-1 infection. For example, the C/G*2 genotype appeared protective in Tri-Service Study adults and Argentinean children with fully resolved CCR2-CCR5 haplotypes (20, 41) , but equally fine resolution and similar distribution of genotypes in the MACS yielded only transient association of C/G*2 with relatively low RNA level and no predisposition to slower progression. Such inconsistencies among cohorts reflect the pervasive difficulty of identifying complex genetic contributions in various populations. Complete agreement for every major genotype in every population should not be expected, considering that polymorphisms in other systems including genes coding for HLA (7, 23, 33, 40, 63, 69) and perhaps RANTES (37), interleukin 10 (67), CX 3 CR1 (16), or MIP-1 (21), or other yet unrecognized genes will inevitably be incorporated into a comprehensive multifactorial and potentially time-dependent model of AIDS pathogenesis.
In summary, contributions of CCR2-CCR5 haplotypes in general and their genotypes in particular to host-HIV-1 equilibration can be detected early in the course of infection. While some of the CCR effects can be highly consistent across population boundaries (20, 27, 41) or at multiple time points, the compound and clear effects of CCR markers on early viral RNA may not immediately translate into a significant impact on later disease outcomes or vice versa. Further attention to CCR variants showing consistent influences on HIV-1 transmission and viral RNA level may extend interest in pathogenetic models into the clinical realm. More specifically, evidence that acquisition of virus may be impeded by G*2 heterozygosity (this study and references 42 and 43) and enhanced by homozygosity for either the D (36) or the E (here and 41) haplotype in both ethnic Africans and Caucasians may encourage research on coreceptor polymorphisms in the interest of prevention as well as treatment. Reported detection of CCR5-G*2 (⌬32)-mediated effects during potent antiretroviral therapy (4, 22, 54, 72) have already implied that genetic typing may inform clinical decision making, particularly for patients with atypical responses to therapeutic agents. Table 5 . d Pc ϭ 0.009 after Bonferroni correction for the major G*2-carrying genotypes (n ϭ 4) ( Table 2 ) meeting analysis criterion (frequency Ն2%).
